Objectives: The aim of this study was to evaluate how imaging parameters at clinical dental CBCT affect the accuracy in quantifying trabecular bone structures, contrastto-noise ratio (CNR) and radiation dose. Methods: 15 radius samples were examined using CBCT (Accuitomo FPD; J. Morita Mfg., Kyoto, Japan). Nine imaging protocols were used, differing in current, voltage, rotation degree, voxel size, imaging area and rotation time. Radiation doses were measured using a KAP-meter. After segmentation, six bone structure parameters and CNR were quantified. Micro-CT (µCT) images with an isotropic resolution of 20 µm were used as a gold standard. Results: Structure parameters obtained by CBCT were strongly correlated to those by µCT, with correlation coefficients .0.90 for all studied parameters. Bone volume and trabecular thickness were not affected by changes in imaging parameters. Increased tube current from 5 to 8 mA, decreased isotropic voxel size from 125 to 80 µm and decreased rotation angle from 360° to 180° affected correlations for trabecular termini negatively. Decreasing rotation degree also weakened correlations for trabecular separation and trabecular number at 80 µm voxel size. Changes in the rotation degree and tube current affected CNR significantly. The radiation dose varied between 269 and 1284 mGy cm2. Conclusions: Trabecular bone structure can be accurately quantified by clinical dental CBCT in vitro, and the obtained structure parameters are strongly related to those obtained by µCT. A fair CNR and strong correlations can be obtained with a low radiation dose, indicating the possibility for monitoring trabecular bone structure also in vivo.
Introduction
Cone beam computed tomography (CBCT) is a clinical equipment, often used in mandible, maxillofacial and temporal bone imaging. 1 There have been an increased number of CBCT machines in Europe during the last decade and the method is considered to be an accurate imaging modality in dental diagnostics such as orthodontics, implantology and periapical pathology. 2 3 There has been increasing focus on using mandible images also for osteoporosis research, with the potential for osteoporotic screening. The high resolution and the isotropic voxels at the CBCT (75-400 µm) makes it particularly suitable for imaging the small structures in the cranio-facial region, including the temporal bone. [4] [5] [6] Some of the advantages of CBCT machines are a relatively low investment cost and the low radiation dose 7 compared to multi-slice computed tomography (MSCT) machines. There are many manufacturers on the market of CBCT, and devices for patients in sitting, standing and lying position exist. The equipment used for patients lying down requires more space and is less widely used than devices for patients in sitting and standing position. * Prior to imaging, the operator/radiologist needs to decide several imaging parameters, such as field of view (FOV), tube current, tube voltage and voxel size. It is also possible to adjust the rotation angle and the rotation speed. All these parameters must be carefully considered since they affect both image quality and radiation dose to the patient. 8 9 Studies investigating subjective image quality and visibility of anatomical structures in the mandible comparing CBCT devices and MSCT show that there seem to be rather big differences between the two types of scanners. 10 However, there are only a few published studies on the influence of imaging parameters like voxel size, rotation speed and tube settings on image quality, expressed as the contrast-to noise ratio (CNR) at CBCT.
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Trabecular bone structure is of great importance for bone strength. 12 Quantification of trabecular structure can be of value when determining the risk of osteoporotic bone 13, 14 as well as in the stability of tooth implants. 15, 16 There are, to our knowledge, only a few articles describing the possibility to use CBCT to image trabecular microarchitecture where these measurements have been verified using micro computed tomography (µCT) [17] [18] [19] [20] , which can be regarded as a gold standard. 21 The aim of this in vitro study was to evaluate how different imaging settings at CBCT may affect the accuracy in quantifying trabecular bone structure by comparing the results to those of the gold standard, µCT. The study also aimed to identify differences in CNR between the settings and relate them to the radiation dose.
Material and methods

Material
For this study, 15 radius specimens (human forearm), were taken from human cadavers that were donated for medical research in accordance to the ethical guidelines regulating such donations. The samples are nearly cubic with a side of approximately 10-12 mm. Each cube included a slab of cortical bone, which facilitated the orientation. The bone samples were defatted and placed in a test tube filled with water. At imaging with CBCT, the different test tubes were placed in the centre of a paraffin cylinder with a diameter of 100 mm, used to mimic soft tissue, to simulate measurements in vivo. After the imaging, cubes with a side of approximately 8 mm consisting only of trabecular bone were digitally extracted from each dataset. These cubes were used for the analysis.
Image acquisition and reconstruction
The specimens were imaged using two different CBCT models, Accuitomo FPD 80 and Accuitomo FPD 170 (J. Morita Mfg., Kyoto, Japan). The imaging parameters were adjusted so that there would be pairs of scans differing in only one of the parameters; tube current, tube voltage, rotation degree angle, voxel size, imaging area or rotation time. (Table 1) The µCT data were acquired with a small desktop CT used for analysing biopsies and other small specimens (µCT 40; SCANCO Medical AG, Bassersdorf, Switzerland), where the isotropic voxel size was 20 µm and the tube current was set to 70 kVp.
Image processing
In this study, we have used the automated 3D region growing algorithm based on an assessment function (ARG) 22 to segment bone from other tissues. To obtain a binary image, the voxels identified as bone were assigned the value one and the remaining voxels, the value zero. The segmentation method starts with a very restrictive threshold for what is defined as bone, which results in an under-segmented area. The processing is then repeated with increasing threshold values and iterated a specified number of times until an over-segmented region is obtained. The segmentation where the assessment function attained its minimum was then used to calculate the parameters. For demonstration, images of a raw image slices, segmented image slices, skeletonized images and a 3D images from CBCT and µCT data are shown in (Figure 1 and 2).
Six bone structure parameters were measured and calculated using MATLAB code developed in house as described in a previous study from our group. 17 The definition of how the six 3D bone structure parameters are defined is explained in (Figure 3 The CNR was also measured in the 3D volume using MATLAB code developed in house on the same standard PC. The CNR was calculated as the difference in signal from the trabecular bone and the signal in the background (i.e. the surrounding water) divided by the standard deviation of the noise in the background. The segmented skeleton represented bone and the background was eroded with two voxels prior to the calculations to avoid the influence of the partial volume effect.
A standard PC with Intel Core i5, CPU at 2.60GHz, 4GB RAM and 64-bit operating system was used for all the calculations. Radiation doses were measured using a KAP-meter (Electrometer Dose guard 100. RTI Electronics AB, Mölndal and Ion chamber Vacutec model #70157) calibrated at Swedish radiation safety authority at Riksmätplatsen, Stockholm
Statistical methods
Results are presented as mean values with standard deviations. Parameters were related to each other using Pearson correlation with 95% confidence intervals. Differences between measures were tested with the paired Student's t-test (two-tailed).
Results
CBCT overestimated BV/TV and Tb.Th more than three times compared to µCT; on the other hand, Tb.Nd, Tb.Sp and Tb.N were underestimated ( Table 2 ). Tb.Tm was overestimated by the 80 µm voxels and underestimated by the 125 µm voxels (Table 2; Figure 5 ). Regarding the parameter Tb.N, the underestimation was greater for the 125 µm voxels than for the 80 µm voxels (Table 2; Figure 6 ).
Measurements from CBCT showed strong correlation with µCT for all studied bone parameters, with two settings having correlation coefficients of 0.89 or higher for all bone parameters ( Table 3 
Contrast to noise ratio
The CNR values for the different protocols can be seen in Table 4 and the corresponding significance tests in Table 5 .
When increasing the tube current from 5 to 8 mA, there was a statistically significant increase in CNR for the 125 µm but not for the 80 µm voxels. Reconstructing 180° from a 360° rotation angle scan resulted in significantly lower CNR values for the 80 µm, but not for the 125 µm voxels. Differences in resolution mode, reconstruction, tube voltage and voxel sizes did not have any significant impact on the CNR (Table 5) .
Radiation dose
The doses measured by the KAP meter, the mean of the correlation values with µCT for all the studied histomorphometric parameters and the CNR values for the nine different protocols can be seen in Table 6 . Radiation doses measured in Kerma-Area-Product (PKA) varied between 269 and 1284 mGycm².
The FPD 170, FPD 80 Scan 1 and FPD 80 Scan 2 all had a mean correlation value for the trabecular parameters of 0.93 but showed big differences in radiation dose.
Discussion
CBCT acquisition settings can be adjusted in almost uncountable ways. Due to the subjectively high image quality we use the protocol FPD 80 Scan 2 (cf. Table 1) in pre implant planning and for studying periapical pathology as clinical routine at our institution. By adjusting this protocol in a stepwise order, it was possible to elucidate how the quantification of trabecular bone structure can be optimized without increasing the radiation dose unacceptably. Those settings should also be useful for clinical imaging of small structures in the cranio-facial region.
The parameters BV/TV and Tb.Th were the most stable ones and had the strongest correlations with those of µCT, varying from 0.91 to 0.98, regardless of the settings. Those parameters are closer related to the total amount of bone than to the trabecular microstructure. Tb.Tm, on the other hand, seemed to be the most sensitive parameter and was the only parameter that with a 360° rotation showed stronger correlations for the 125 µm voxels than for the 80 µm voxels. The overestimation of Tb.Tm and the weaker correlations regarding Tb.Tm for the 80 µm voxels may be due to noise because of the smaller imaged FOV. In order to examine this, we reconstructed the raw data from a 60x60 mm FOV and 125 µm voxels, to 80 µm voxels. This resulted in correlations comparable to the other scans with 80 µm voxels and same overestimation. We therefore concluded that those differences were linked to the voxel size rather than to the smaller FOV.
The High resolution mode of the Accuitomo 170 FPD model, which involves a longer scanning time, did not result in stronger correlations despite the increased dose. Increasing the tube current, which also increases the dose, did not have any substantial impact on most of the parameters. In fact, the only impact of increased tube current was slightly weaker correlation coefficients regarding Tb.Tm and Tb.Sp. In order to decrease radiation dose, it is possible to use only a 180° rotation angle at the scanning. When reconstructing 180° images from a 360° scan, the correlation became clearly weaker for Tb.Sp, Tb.N and Tb.Tm regarding the 80 µm voxels. In conclusion, increasing the dose did not result in stronger correlations, but decreasing it by 50 % affected some of the parameters negatively.
Changing the tube voltage from 85 to 90 kV did hardly at all affect the correlations with µCT for any of the studied parameters. This suggests that the lower tube voltage can safely be used for imaging small structures using CBCT, without compromising image quality.
Using the same machine, CNR increased with increasing dose. If the tube current was kept constant at 8 mA, a higher CNR resulted in higher correlation values. (Table 6 , Fig 7) However the protocols using 5mA, like our clinically used protocol (FPD 80 Scan 2) obtained strong correlation with µCT despite comparatively low CNR and PKA values.
Currently, CBCT is an often used image technique in dental implant planning as well as in other preoperative examinations. In the last years, articles describing the possibility to describe bone density using CBCT [23] [24] [25] have been published. Also, bone strength related to trabecular bone structure parameters have been studied 26 , and a recent study showed the possibility to identify women at risk of future fractures by observing trabecular patterns in the mandible in intraoral radiographs. 27 However, inflammation due to diseases of the teeth will affect the trabecular parameters and dental status will therefore also influence the accuracy to predict future fractures using bone structure analysis of the mandible.
This study has some limitations. One major limitation is that specimens from the radius and not the mandible were used. Specimens of the radius have however previously been used in many studies describing trabecular bone microarchitecture. 17, 28, 29 The similarity between radius and mandible (trabecular bone enclosed in compact bone) suggests that the results may also be applicable for the mandible. This may imply the possibility to use CBCT images for studies on bone structure in the mandible aiming also for osteoporotic screening. Another limitation is the use of only two models from a single manufacturer. We are currently integrating our algorithms into PACS systems to provide a framework for multicentre studies with the possibility of including different brands and models of CBCT machines.
Since this study was made in vitro, it does not consider movement artefacts. Thus, the influence of increased imaging time (rotation speed and rotation degree angle) has not been investigated. Furthermore, our phantom model into which the bone samples were inserted cannot perfectly match that of the human neck or skull. For example, artefacts from one side of the mandible may affect the image quality on the examined other side of the bone. Future in vivo studies are therefore needed to evaluate these factors. There a numerous different parameters that can be used to describe trabecular bone structure. In this study we have analysed six of the most frequently used parameters. In our continued research we aim to include the analysis of specimens from different skeletal sites and the computation of other descriptors such as the structure model index 30 , degree of anisotropy using different fabric tensors 31 and connectivity density.
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Conclusion
The protocol most often used in our clinical practise showed strong correlations with µCT, fair CNR and low radiation dose. Answering the question whether or not this protocol is the most appropriate for studying trabecular bone structure in vivo is part of our ongoing research. The mean correlation denotes the mean value of the correlation coefficients with µCT for all the studied histomorphometric parameters (Tb.Sp, Tb.Th, Tb.N, BV/TV, Tb.Nd and Tb.Tm).
